Studies focusing on the functional border zone have been performed largely with anesthetized, open-chest preparations. Therefore, we instrumented 14 dogs at sterile surgery with sonomicrometers arrayed to measure systolic wall thickening across the perfusion boundary produced by circumflex coronary occlusion. We fitted sigmoid curves to the data to model the distribution of wall thickening impairment as a function of distance from the perfusion boundary, which was delineated with myocardial blood flow (15 am diameter microspheres) maps. Using this approach, we defined the functional border zone as the distance from the perfusion boundary to 97.5% of the sigmoid curve's nonischemic asymptote. The lateral extent of the functional border zone, measured 10 min and 3 hr after occlusion, was 32 and 28 degrees of circumference, respectively. To evaluate the severity of nonischemic dysfunction, we measured average systolic wall thickening within the functional border zone. It was reduced from 3.69 + 1.10 (mean + SD) mm to 2.98 + 1.07 mm (p<.01) and 2.74 + 1.12 mm (p<.01) early and late after coronary occlusion. Thus, a narrow functional border zone was evident during circumflex coronary occlusion in conscious dogs. Its lateral extent was limited to approximately 30 degrees (similar to findings in open-chest, anesthetized dogs), severe dysfunction was restricted to the immediate vicinity of the perfusion boundary, and the average severity of nonischemic dysfunction within the functional border zone was mild. Circulation 76, No. 4, 929-942, 1987. 
NONISCHEMIC regional dysfunction at the lateral borders of damaged or ischemic myocardium has been demonstrated in several studies. 1-12 To identify myocardium exhibiting nonischemic contractile dysfunction adjacent to the ischemic area, the term 'functional border zone" was introduced recently. 8 9 Describing this area in terms of contractile performance distinguishes it from the conventional concept of a border zone defined in terms of myocardial blood flow distribution, histology, or biochemical changes. The functional border zone begins at the sharply delineated interface between ischemic and nonischemic tissue and extends laterally into normally perfused myocardium.
Most previous investigations were performed with anesthetized, open-chest preparations. 1-9 For example, studies from our laboratory demonstrated that contractile dysfunction, measured with sonomicrometerS8 or two-dimensional echocardiography,9 extended 25 to 30 degrees of circumference into nonischemic myocardium during occlusion of the circumflex artery. The functional border zone, however, has been evaluated in few studies with conscious animals.10-12 Because there are substantial differences between conscious and anesthetized dogs and because the lateral extent of nonischemic myocardial dysfunction may be important in the clinical evaluation of ischemic risk area and infarct size, we performed the following study. Our objectives were to measure the distribution of functional impairment across the lateral margins of the ischemic area and to determine the extent and severity of the functional border zone in conscious dogs. Sonomicrometric measurements of systolic wall thickening were made in conscious dogs before and after occlusion of the left circumflex artery. Myocardial blood flow was measured with tracer-labeled microspheres and circumferential perfusion maps were constructed to delineate the position of the perfusion boundary and identify the location of the functional measurements. We evaluated the distribution of func-929 tional impairment across the perfusion boundary by fitting sigmoid curves to the wall thickening data during coronary occlusion.
Methods
Animal preparation. The study was performed in conditioned mongrel dogs weighing between 21 and 29 kg. After induction with sodium thiamylal, anesthesia was maintained with halothane and a sterile thoracotomy was performed through the left fifth intercostal space. To measure left ventricular pressure (figure 1), a Konigsberg (P7) high-fidelity micromanometer was introduced through the apex of the left ventricle. Tygon (2.2 mm inside diameter) catheters were placed in the left atrium (for injection of microspheres) and left ventricle (via the apex for calibration of the micromanometer in mm Hg). The proximal circumflex artery was dissected free to allow placement of a hydraulic occluder that was used to produce coronary occlusion. In eight of the dogs. a pulsed Doppler flow probe was placed around the circumflex artery proximal to the occluder to monitor coronary blood flow velocity. The signals from the flow probe were processed with a flowmeter constructed at the Dalton Research Center, University of Missouri (Dean Franklin, Mort Caldwell; Columbia, MO).
Regional myocardial function was measured with sonomicrometers arrayed to measure transmural wall thickness. 13 14 The sonomicrometers were implanted in four locations, as schematically depicted in figure 1. One pair was placed in the central ischemic area perfused by the left circumflex artery and a second pair was placed in the central nonischemic (or control) area, perfused by the left anterior descending artery. The remaining pairs were placed on either side of the estimated position of the perfusion boundary (inset, figure 1) produced by occluding the circumflex artery. As a guide to estimate the position of the perfusion boundary we used the epicardial vascular anatomy. Previous experience 8 indicated that the boundary produced by circumflex occlusion was approximately midway between the epicardial branches of the circumflex and left anterior descending arteries. As shown in the inset of figure 1, one crystal of each wall thickness pair was in the subendocardium and the other crystal was attached to the epicardium, over the position of the inner crystal. The inner crystal was inserted tangentially through the myocardium to the endocardium. The epicardial crystal, attached to a Dacron patch, was sewn to the epicardium with shallow sutures after locating the position of least distance between the two crystals while monitoring the signals with an oscilloscope. 14 The signals from the ultrasonic dimension gauges were processed with a Triton (Model 120) sonomicrometer. The criterion for acceptance of functional data from the dimension gauges was the position of the wall thickness measurements in myocardial blood flow maps, which were used to define the position of the perfusion boundary. Data were not used if crystals were improperly aligned. Location of the inner crystals within the subendocardial third of the myocardial wall and correct alignment of the crystals across the wall'5 was confirmed at the time of autopsy during the careful sectioning required for tissue sample preparation to determine myocardial blood flows.
The thoracotomy was closed after bringing the wires and catheters subcutaneously to the back of the neck. The dogs were The lower right inset indicates the manner in which ultrasonic crystals were arrayed to measure wall thickness. One crystal of each pair was positioned near the endocardium to act as a receiver (REC) of ultrasound from the transmitter (TRANS) crystal sutured to the epicardial surface. LV = left ventricular; LA = left atrial; RV = right ventricle; LAD = left anterior descending artery; LCX = left circumflex artery; WT = wall thickness; IS = ischemic; IS BZ = ischemic border zone; NIS BZ = nonischemic border zone; NIS = nonischemic (control).
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CIRCULATION treated with antibiotics and given morphine sulfate mg/kg) for postoperative analgesia. Studies were to 21 days after surgery, when the dogs exhibited n and were afebrile.
Myocardial blood flow measurements. Regi dial blood flow was measured with tracer-labeled (15 g.m diameter, New England Nuclear) by the re drawal method.16 Three injections were made in iment with the use of one of six available isotopes ( 51Cr, 103Ru, 95Nb, 46Sc) for each flow detern choice of isotopes was determined by which i available at the time, and the order of their injec domized. Approximately 2 million microspheres into the left atrium for the measurement of bloc reference arterial sample was obtained from the f at a constant rate with a Harvard withdrawal pump were initiated before the injection of microsphe pleted 2 min later. Each bottle of microspheres wa ultrasonic bath and was thoroughly mixed by vc before injection, and droplets of the microsphei were periodically examined under a microscope adequate dispersal had been achieved.
At the end of the experiments the dogs were ki after the induction of deep anesthesia with sodium 1 To provide a reference point for localizing the dimension measurements, we used the position of the perfusion boundary, which we defined as the junction between the high and low flow _-0 samples ( figure 2 ). Because the true boundary is irregular in its course from endocardium to epicardium, tissue samples con- irregular rather than a straight line, the specific locations we designated for the perfusion boundaries are approximations associated with a potential error of up to + 2 mm at the endocardium (or + 5 to 7 degrees of circumference).
Experimental protocol. Systolic wall thickening and myocardial blood flow measurements were made in 14 dogs. Experiments were carried out with animals lying on their right sides on a table in the laboratory. Morphine sulfate (0.5 mg/kg) was given for analgesia 60 min before coronary occlusion. Additional morphine sulfate (0. 13 mg/kg) was administered after occlusion if the dogs exhibited signs of discomfort or pain. A femoral artery cutdown was performed under local anesthesia to insert an arterial catheter for measurement of arterial blood pressure and for withdrawing a reference sample for myocardial blood flow calculations. After completing control recordings and injecting the first set of microspheres, the circumflex artery was abruptly occluded with the hydraulic occluder. Occlusion was verified by cessation of coronary blood flow velocity and/or prompt elimination of systolic wall thickening. Ten minutes after occlusion, when hemodynamics and regional dimensions were stable, a second injection of microspheres was made. A third injection of microspheres was made while simultaneously recording hemodynamic and dimension variables approximately 3 hr after occlusion.
Data analysis. Recordings were made during each experiment on an eight-channel Hewlett-Packard pressurized-ink recorder and on magnetic tape for subsequent analysis. Variables analyzed were wall thickness at end-diastole (identified as the point corresponding to the onset of the positive dP/dt signal) and end-systole (defined as the point 20 msec before peak negative dP/dt), extent of wall thickening, mean ejection phase velocity of thickening, left ventricular systolic and end-diastolic pressure, heart rate, peak positive and negative dP/dt, and regional myocardial blood flows. The extent of wall thickening was calculated as the difference in millimeters between end-diastolic and end-systolic dimensions and was also expressed as a percentage change from end-diastolic wall thickness. Dimensional and hemodynamic data were analyzed by digitizing the recorded data from analog tape with a DEC Micro PDP-11 computer system. Ten to 20 cardiac cycles were averaged at each condition, using the beats occurring during the microsphere injections. The blood flow values reported from the ischemic and nonischemic border zones represent blood flow from the tissue samples spanned by the individual dimension measurements. Central ischemic and nonischemic blood flows are averages from several tissue samples remote from the perfusion boundary.
Hemodynamic, dimension, and myocardial blood flow data were analyzed at three time periods with analysis of variance: under control conditions, 10 min after total coronary occlusion, and 3 hr after coronary occlusion. Paired t tests, adjusted for multiple comparisons with the Bonferroni inequality,'9 were used to discriminate which conditions differed significantly when analysis of variance demonstrated a significant overall change. Unpaired t tests were used to compare wall thickness variables and blood flow data at four locations: (1) the central ischemic area, (2) the ischemic border zone (defined as ischemic myocardium 10 mm or less from the perfusion boundary), (3) the nonischemic border zone (nonischemic myocardium less than 10 mm from the perfusion boundary), and (4) the central nonischemic or control area. Wall thickness data from myocardial samples with intermediate blood flow values at the perfusion boundary were not included in the categorical analysis. Because multiple comparisons were performed, the acceptable alpha level was adjusted to 0.0083 (0.05 divided by six, the number of possible comparisons) with the Bonferroni inequality.'9 When p<.05 or p< .01 is indicated in the tables or text, it represents the corrected value.
In addition to the categorical analysis, we also evaluated wall thickening data as a continuous function of distance from the perfusion boundary. Sigmoid curves were fit to the wall thickening data from individual experiments and composite data sets, as described previously.8 Because the sonomicrometers provide measurements of regional function in a limited number of locations, we wanted a means of extrapolating the discrete data in continuous terms. By fitting sigmoid curves to the wall thickening data, the disadvantage of making relatively few measurements in the vicinity of the perfusion interface could be minimized. To mathematically model the distribution of wall thickening change across the perfusion boundary we assumed that the nonischemic tissue had a wall thickening asymptote, N. and that ischemic tissue had a wall thinning asymptote, I. The function we used that has these asymptotes and also changes monotonically between them is the following:
The value g corresponds to the position on the x axis of the midpoint of the change between the asymptotes and c6 is a value that describes how rapidly the change is made. The modeling function was fit to the data from the individual experiments in which at least four dimension measurements spanning the perfusion boundary were available. The modeling function was also fit to the pooled data from all of the dogs. To fit the sigmoid curves to the wall thickening data, we minimized the variance and used computerized nonlinear minimization techniques, as previously described. 8 We used the sigmoid curve fits to define the lateral extent of the functional border zone as the distance (in degrees) from the perfusion boundary to 97.5% of the nonischemic asymptote, equal to g + 2 a.8
Results
Hemodynamics and blood flow. Hemodynamic data are summarized in table 1. Heart rate increased from 82 ± 23 (mean + SD) to 123 ± 26 beats/min (p<.01) 10 min after circumflex coronary occlusion and remained elevated significantly 3 hr after occlusion. Left ventricular systolic pressure was not significantly changed but end-diastolic pressure increased from 13.4 + 4.8 to 18.6 ± 6.2(p<.01)and 18.1 + 6.8mmHg(p<.01) 10 Data are mean ± SD. C = control; TCO1 = early coronary occlusion (10 min); TCO2 late coronary occlusion (2.5 to 3.0 hr); HIR = heart rate (n = 14); LVSP = left ventricular systolic pressure (n = 14); LVEDP = left ventricular end-diastolic pressure (n = 1P); ( + )dP/dt = peak positive first derivative of left ventricular pressure (n = 13); ( -)dP/dt = peak negative first derivative of left ventricular pressure (n = 13).
AProbability of difference between TCOI and TC02 groups. the dogs with flow probes and those without flow probes.
Under baseline conditions, blood flow was similar in all four locations. After circumflex coronary occlusion, blood flow decreased drastically in the ischemic area and a steep perfusion boundary was evident (figure 2). The size of the ischemic area averaged 44 ± 4% (157 + 14 degrees of circumference) of the left ventricular cross sections containing sonomicrometers. There were no significant differences between blood flow in the central ischemic area and that in the ischemic border zone at 10 min postocclusion. At 3 hr after occlusion, small but significant increases in blood flow to the circumflex bed occurred that were most pronounced in the ischemic border zone, the periphery of the ischemic area (table 2) . There were no significant differences, however, detected between perfusion in the central ischemic area and ischemic border zone at 3 hr after occlusion.
Ten minutes after circumflex occlusion, perfusion in the nonischemic area was augmented by approximately 30%, consistent with the elevated heart rate observed at that time. Blood flow in tissue samples containing nonischemic border zone sonomicrometers was not significantly different from that in the central nonischemic area at 10 min or 3 hr after occlusion (table  2) . This means we were successful in implanting the nonischemic border zone sonomicrometers in normally perfused tissue.
Wall thickness data. These data are summarized in table 3. Examples of analog tracings from one of the experiments are shown in figure 3 to illustrate the rapid onset of dimensional alterations after coronary occlusion. Beat-averaged waveforms from the same experiment are presented in figure 4 to demonstrate in closer detail the pattern of changes we observed in regional function. The corresponding myocardial blood flow map is presented in figure 2 . Under baseline conditions, wall thickness data were similar in all four locations. There were no significant differences among the locations in the extent of wall thickening, percentage wall thickening, or mean ejection phase velocity of thickening (table 3) . All of the control condition variables of regional systolic performance were within the normal range reported for conscious animals. 14 15. 20-22 When the circumflex artery was occluded, striking changes occurred in the central ischemic area and ischemic border zone ( figure 3 ). End-diastolic wall thickness decreased by 5% in the ischemic region but was not significantly changed in the nonischemic border zone or central nonischemic area (table 3) . The average distances from the perfusion boundary of the wall thickening measurements were 71 + 19 degrees or 21 + 7 mm (of endocardial circumference) in the central ischemic area, 11 + 9 degrees or 3 ± 2 mm in the ischemic border zone, 18 ± 9 degrees or 5 ± 2 mm in the nonischemic border zone, and 51 + 11 degrees or 15 ± 4 mm in the central nonischemic area.
Relative changes in wall thickening after coronary occlusion are depicted graphically in figure 5 to summarize the results of the categorical analysis. In the central ischemic area and ischemic border zone, systolic wall thickening was eliminated, on the average, 10 min after occlusion. There were no significant differences between the two locations in terms of the extent of systolic thickening, percentage thickening, or mean ejection phase velocity of thickening (table 3) . Small, statistically significant improvement in thickening was detected 3 hr after coronary occlusion, but both the central ischemic area and ischemic border zone remained characterized by severe dysfunction ( figure 5 ).
In the nonischemic border zone (10 mm or less from the perfusion boundary) systolic wall thickening was reduced significantly from 3.69 ± 1.10 to 2.98 + 1.07 mm (-19%) 10 min after coronary occlusion. The marked disparity between wall thickening on each side of the perfusion boundary is illustrated in figures 3 and 4. The ischemic and nonischemic border zone dimension gauges, separated by 9 mm in this example, were characterized by dyskinetic and moderately reduced wall thickening, respectively. After Data are mean ± SD. midmyocardial third; EPI = subepicardial third; C coronary occlusion (10 min); TCO2 = late coronary occlusion AProbability of difference between or across groups.
Bp < .05.
Cp < .01, compared with control values. averaged 2.74 1.12 mm (-26% compared with baseline conditions), which did not constitute a significant change compared with the data obtained early after occlusion.
In contrast to the nonischemic border zone, wall thickening in the central nonischemic category (greater than 10 mm from the perfusion boundary) was not significantly changed compared with baseline (table 3) . Evident in figure 5 , however, is the tendency for wall thickening to increase in the nonischemic area. Under baseline conditions, there was no difference in wall thickening between the nonischemic border zone and central nonischemic area. After coronary occlusion, central nonischemic wall thickening significantly exceeded thickening closer to the perfusion boundary in the nonischemic border zone in absolute (table 3) To express the discrete wall thickening information as a continuous function of distance from the perfusion boundary, sigmoid curves were fitted to the thickening data after coronary occlusion. In figures 6, 7, and 8 regional contractile performance is plotted on the y axis as a percentage of control condition wall thickening 934 control; TCO1 = early (equal to 100%). Each data point corresponds to one wall thickness measurement and its position relative to the x axis corresponds to the distance of the measurement from the perfusion boundary which is designated as zero. Positive numbers (right of the perfusion boundary) indicate nonischemic myocardium, and negative numbers indicate ischemic myocardium. Four (or more) wall thickness measurements were available for eight of the 14 dogs, which was the minimum number we required to apply sigmoid fits to the data from individual experiments. Plots from each of the eight experiments are presented in figures 6 and 7 to illustrate that the quality of the fits was excellent and to demonstrate the range of variability we encountered across experiments. The size of the functional border zone (defined as the distance from the perfusion boundary to 97.5% of the nonischemic asymptote, equal to g + 2a) averaged 32 + 17 degrees at 10 min after circumflex coronary occlusion. The composite data set and sigmoid curve from all 14 experiments are shown in figure 8 . The composite value for the size of the functional border zone, using all available data, was 32 degrees (29 degrees for the composite data set lim-CIRCULATION ENDO = subendocardial third; MID Data are mean ± SD. . Severe dysfunction (defined as wall thickening reduced to less than 50% of baseline values) extended 6 ± 5 degrees beyond the perfusion boundary. In the composite sigmoid curve, the value was also 6 degrees. The functional data and sigmoid curve fits 3 hr after coronary occlusion from six of the individual experiments are included in figures 6 and 7. We were unable to apply sigmoid fits to data at 3 hr from two of the animals because of problems in maintaining technically satisfactory waveforms from all four dimension gauges. There was a consistent tendency for the asymptotes to contract, compared with the early occlusion curve fits. The size of the functional border zone, however, was not changed. It averaged 27 ± 10 degrees at 3 hr of occlusion, which was not significantly different from the average of 25 + 9 degrees obtained in the same six experiments after 10 min of occlusion. The composite data from all of the experiments at 3 hr of occlusion (included in figure 8 ) yielded a comparable value for the extent of nonischemic dysfunction, 28 degrees. Severe dysfunction extended 5 degrees in the composite sigmoid curve (6 + 5 degrees in the six individual experiments).
Discussion
The objective of this study was to characterize the functional border zone in conscious dogs. By using sonomicrometers we were able to make precise measurements of regional wall thickening, the locations of which could be identified accurately relative to the . measured with a Konigsberg micromanometer, is shown in the top row: dP/dt, derived wlth a dlfferentiating circuit, is shown in the bottom row. Wall thickness (WT) tracings, shown in the miiddle tour rows, were obtained by implanting sonomiiicrometers in tour locations: the central ischemic area (IS), ischemic border zone (IS BZ). nonischenmic border zone (NIS BZ), and central nonischemic area (NIS). End-diastole (ED) and end-systole (ES) are indicated with solid vertical lines. Baseline recordings, shown at high paper speed on the left, illustrate that comparable levels of wall thickening were mneasured in all tour locations before occlusion. In the center portion, slow paper speed recordings demonstrate the rapid onset of dimensional and hemodynamic changes after the onset of circumflex coronary occlusion. Electronic artifacts (-jumped cycles") were evident soon after occlusion in the IS WT signal, but were eliminated by adjustment of the sonomicrometer unit. High paper speed recordings (right) show that substantial dysfunction developed on the ischemic side of perfusion boundary. Thickenino close to the perfusion boundary on the nonischemic side (NIS BZ WT) was reduced compared with baseline, but further from the perfusion boundary (NIS WT), wall thickening was unchanged.
position of the perfusion boundary. Sonomicrometers provide narrow measurements oriented in a radial direction. Consequently, they are sensitive to local systolic thinning during ischemia but are relatively insensitive to circumferential bulging, which may influence measurement techniques that "average" function over a wider area, such as segment length shortening or cross-sectional echocardiography. Unlike some applications of two-dimensional echocardiogra-936 phy, sonomicrometers do not require external references that may introduce error into the calculations of wall thickening. 7 Relatively few sonomicrometers, however, can be implanted in each animal. Therefore, limited sampling is a potential drawback to the use of this approach for evaluation of functional changes across large areas of myocardium. To minimize the sampling problem, we fitted sigmoid curves to the wall thickening data to CIRCULATION lii;ibig lumbati 1 qmwqmq.
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.mli,dil,-.,i, " mm 1 13- model the distribution of functional impairment across the perfusion boundary. The sigmoid curves complemented the categorical analysis of data (table 3) , provided a formal means of describing the data distribution, and enabled quantitative estimation of the extent of nonischemic dysfunction. The principle source of error in the position of the sigmoid curves is related to the accuracy with which we determined the position of the perfusion boundary. Although the boundary between ischemic and nonischemic myocardial cells is sharp, it is irregular,18 with peninsulas of ischemic and nonischemic tissue interdigitating with one another.23 28 Consequently, the position we designated for the perfusion boundary is approximate and may be associated with a potential error of up to 2 mm (or roughly 5 to 7 degrees of circumference). We attempted to convey this point in figures 6 to 8 by bracketing the position of the perfusion boundary to indicate that its designated location is contained within a transition zone representing an admixture of ischemic and nonischemic tissue. It is important to note, however, that an adjustment of + 5 degrees in the positions of the sigmoid curves (figures 6 to 8) would result in minor modification of our results and no change in our conclusions.
Another potential source of error associated with use of curve fitting to model the distribution of wall thickening impairment is the type of curve that is used. The shape of the curve itself will influence the derived estimates of lateral nonischemic dysfunction. A sigmoid curve probably oversimplifies the relationship between location and contractile performance during ischemia, but the quality of the individual and composite fits (figures 6 to 8) suggests that a sigmoid curve represents a reasonable approximation.
In addition, the nonischemic asymptote of the sigmoid curves is dictated primarily by the wall thickening measurements located the farthest distance from the (1) the similarity of dysfunction in the center (IS) and periphery (IS BZ) of the ischemic area, (2) the substantial difference in wall thickening on either side of the PB, although the IS BZ and NIS BZ sonomicrometers were separated by an average of only 29 degrees (or 8 mm of endocardial circumference), (3) the small but significant reduction in NIS BZ wall thickening (in normally perfused tissue an average of 18 degrees or 5 mm from the PB), and (4) the disparity between nonischemic wall thickening near (NIS BZ) and far (NIS) from the PB.
Vol. 76, No. 4, October 1987 1 937 perfusion boundary (nonischemic area category). The assumption was made that they were representative of remote nonischemic function. It is possible, however, that what we described as an asymptote would have a significant slope if wall thickening were augmented in myocardium that we were unable to sample with the sonomicrometers, such as in the septum. Accordingly, we must acknowledge that our estimates of lateral nonischemic dysfunction are limited by how well the nonischemic area sonomicrometers reflect function remote from the perfusion boundary. That they did reflect the relative lack of change in nonischemic wall thickening accurately is suggested by the preliminary report of Buda et al. 29 
with two-dimensional echocardiography in full circumference cross sections of the left ventricle in conscious dogs before and after circumflex coronary occlusion.
In the nonischemic myocardium of the interventricular septum, directly opposite the central ischemic area, no significant change in percentage wall thickening was observed acutely after circumflex occlusion, similar to our results with sonomicrometers in the nonischemic area situated closer to the perfusion boundary (table 3) .
The combined data and composite sigmoid curves in figure 8 illustrate our main findings. A narrow zone of intermediate function was evident between the dyskinetic, ischemic area and normally contracting, nonischemic myocardium. Although not as sharply de- marcated as the perfusion boundary, a gradient of mechanical dysfunction extended across the perfusion boundary, resulting in a functional border zone that was restricted in size and severity. Severe nonischemic dysfunction was apparent close to the perfusion boundary, but wall thickening recovered rapidly over approximately 30 degrees of circumference. Wall thickening within the functional border zone (measured an average of 5 mm from the perfusion boundary) was reduced only 20% from control levels ( figure 5, table 3) , demonstrating that the relative severity of nonischemic dysfunction was mild. The size of the functional border zone and the distribution of functional impairment across the perfusion boundary were altered minimally between 10 min and 3 hr of occlusion. It was notable that severe dysfunction (defined as wall thickening less than 50% of control values) extended only 6 degrees on the average beyond the perfusion boundary. Given that our level of imprecision 3 50 0 cc-54 was approximately 5 degrees, our results suggest that the circumferential extent of severe dysfunction corresponds closely to that of the ischemic area. Consequently, evaluating the size of regions at risk may prove sound with clinical methods such as two-dimensional echocardiography or contrast ventriculography, despite the limited spatial and temporal resolution of some of these techniques,30 if severe dysfunction is used to define the margin of the ischemic area.
The present findings, obtained in conscious animals, are in remarkably close agreement with results of our previous study using similar means to evaluate the functional border zone in open-chest, anesthetized dogs during circumflex coronary occlusion.8 To demonstrate this point more clearly, the individual data points and composite sigmoid curves from the present study and from our earlier study8 are presented together in figure 9 . The only obvious differences in the sigmoid curves are in the values of the ischemic and nonische- mic asymptotes. The extent of the functional border zone, defined as the distance from the perfusion boundary to 97.5% of the nonischemic asymptote, was equally narrow in both conscious and anesthetized dogs. The average severity of dysfunction within the functional border zone was quite similar also, if wall thickening in the nonischemic border zone is compared with that in the nonischemic (or control) area further removed from the perfusion boundary. In anesthetized8 and conscious dogs (figure 5), nonischemic border zone wall thickening was approximately 20% to 30% less than that in the control area at a greater distance from the perfusion boundary. Thus, the present results confirm our earlier conclusions and extend them by demonstrating the characteristics of the functional border zone after acute occlusion of the circumflex coronary artery in conscious dogs. Most previous studies on nonischemic dysfunction were performed with anesthetized preparations. 1, 2, 4, 5, [7] [8] [9] With the exception of the report by Lima et al., 5 studies in anesthetized animals that included data on the location of functional measurements relative to the perfusion boundary3,' 47 9 agree well with our results and conclusion. For example, 940 Buda et al.9 and Force et al.7 used two-dimensional echocardiography to evaluate the extent of nonischemic dysfunction after circumflex coronary occlusion.
Buda et al .9 reported that dysfunction extended approximately 25 degrees beyond one lateral margin of the ischemic area. In similar fashion, Force et al.7 demonstrated that regional wall thickening recovered to normal levels within a distance of 8 to 9 mm from the perfusion boundary.
Relatively few studies in conscious animals have been reported that bear on the issue of the functional border zone. Guth et al." measured wall thickening with sonomicrometers in conscious pigs during 2 min occlusions of the left circumflex artery. They observed reductions in wall thickening in normally perfused myocardium adjacent to the ischemic area, but precise information on the distance between the sonomicrometers and the perfusion boundary was not obtained. Thus, Guth et al. l showed that nonischemic dysfunction occurs in conscious, closed-chest animals, but the lateral extent and distribution of functional impairment were not determined. The same limitation also applies to the study by Cox and Vatner.10 They demonstrated that subendocardial segments arrayed with one crystal in the ischemic area and one in the nonischemic area exhibited as much dysfunction as central ischemic seg- CIRCULATION ments entirely contained in the ischemic area during coronary occlusion in awake dogs. Although supporting the functional border zone concept, insufficient data were reported on the location of the functional measurements compared with the position of the perfusion boundary to reconstruct the lateral extent or severity of nonischemic dysfunction.
Two recent studies performed in conscious animals provide support for our findings. Gibbons et al. 12 used two-dimensional echocardiography to study the time course of regional wall motion abnormalities for 6 weeks after permanent coronary occlusion. Myocardial blood flow and wall motion were measured in 36 radial segments of left ventricular short-axis cross sections. The circumferential extent of the wall motion abnormalities correlated closely with the extent of the ischemic area at 30 min after coronary occlusion. Although they did not focus attention on the topography of dysfunction across the ischemic-nonischemic interface, their data support our conclusion that the perfusion boundary and the lateral limit of severe dysfunction (wall thickening reduced more than 50%) are nearly identical. In similar fashion, Buda et al.29 reported in preliminary form the results of using two-dimensional echocardiography to evaluate circumferential flowfunction relations in conscious dogs. A functional border zone averaging 27 degrees at one lateral margin of the ischemic area was evident early after circumflex coronary occlusion, in close agreement with our results based on sonomicrometric measurements.
The possible mechanisms of nonischemic dysfunction have been discussed in previous re-tS4 7, 8, 9, 11, 31, 32 We think the functional border zone is a mechanical phenomenon that is dictated by the geometry of the left ventricle and relative levels of stiffness in ischemic and nonischemic areas31 but is unrelated to flow restriction or relative ischemia. The similarity of the functional border zone in open-chest, anesthetized, and conscious dogs, despite substantial hemodynamic differences between the two types of preparations, supports this view. There is little evidence for a zone of intermediate blood flow surrounding the ischemic area. Perfusion may appear to be intermediate in tissue samples at the lateral margins of the ischemic area because they contain the interdigitating peninsulas of ischemic and normally perfused myocardium that characterize the ischemic-nonischemic interface. 17, 18, 25, 26, 28 Likewise, the boundary of biochemical abnormalities is also abrupt,23' [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] reinforcing the view that nonischemic dysfunction is not due to relative ischemia in the area corresponding to the functional border zone.
The mechanical alternatives proposed to explain nonischemic dysfunction include tethering7' 8, 11 and stress concentration31' 32 at the ischemic margin. Lacking rigorous definition, the concept of tethering cannot be readily tested or distinguished from other mechanical explanations such as stress concentration. Because the distribution of stress concentration3' appears to correspond well to the distribution of wall thickening impairment (figure 8), our current view remains that elevated stress at the ischemic-nonischemic interface is the most likely possibility. Additional investigation, however, will be required to substantiate its role in the phenomenon of nonischemic dysfunction.
We conclude that the clinical importance of the functional border zone during acute occlusion is limited because it extends a relatively short distance into normally perfused myocardium and is characterized by mild dysfunction in conscious animals. Furthermore, its size and relative severity appear to be fixed in the first few hours after coronary occlusion. The effects of longer periods of ischemia, reperfusion, the replacement of infarcted myocardium with scar tissue, and ischemic zone locations other than that of the circumflex arterial bed remain to be determined.
